The aim of this article is to investigate how to embed asset management in production companies. A framework is defined based on literature analysis and focus groups findings, in which the fundamentals to guide the integration of asset management are systematized. Two dimensions are identified-the asset life cycle and the hierarchical level of the assetcontrol activities-and four founding principles-life cycle, system, risk and asset-centric orientation-as levers to integrate asset management within an industrial organization. An empirical investigation is then developed through multiple case study involving eight production companies in Italy, with the purpose to map the elements of the framework against the real mechanisms in the industrial practices. This allows testing the relevance of the framework itself and demonstrating its potential as a support for companies to implement gap analysis on asset management practices. Empirical evidence on current practices of asset management in production companies is contextually unveiled.
Introduction
Nowadays, physical asset management (AM) is established and recognized as a holistic process involving different functions within an organization in the management of the assets along their entire life cycle. In particular, AM is intended as a paradigm shift in focus with respect to maintenance management. The asset is brought at the center of the management process toward value creation and maintenance is one of several activities to be done along the life cycle of the asset. 1, 2 In the industry, AM finds its roots in terms of application in most capital-intensive sectors such as the oil and gas, energy and network utilities sectors due to the inherent criticality of the impact of the assets on the business. Nevertheless, current challenges and opportunities in the industrial world such as globalization, aging of assets and emerging of new technologies are more and more bringing the attention of production companies toward AM, both in the manufacturing and process production sectors. 3, 4 More and more, companies are aware of the need to break down their knowledge departmental silos and to take a more holistic approach for generating value from the management of their own assets (i.e. production systems). Nevertheless, AM is still scarcely adopted by production companies as a business process. Managers are finding difficulties in understanding how to implement AM in their own reality 5 and some dimensions of AM decisions are based more on intuition and visions rather than structured and well-tooled analyses. 6 Nowadays, the consensus has been reached about AM as an essential process, contributing to an organization's objectives 7 and the publication of the body of standards ISO 5500X on AM in 2014 supported reaching such consensus and understanding AM concepts at general level. Nevertheless, the standards provide general guidelines adaptable to any kind of asset and organization, but still lack clear indications on how to tailor AM in the specific context of production companies.
Looking at the scientific body of knowledge about AM and, in particular, about AM in the production sectors, this is still fragmented and the collaboration between organizations and academic researchers is still underway to extend it. 7, 8 Tailoring the AM discipline to establish an AM business process that fits the needs of specific sectors is still an open challenge. 9 For these reasons, the main objective of this article is to propose a framework that can guide managers in production companies to embed AM in their company. This framework should remain in alignment with the business objectives and be integrated with the rest of the organization.
The research question is: ''How to support production companies to embed AM in their organization?'' The answer cannot depend solely on the indications given by the standards, independently of the target application sectors. Therefore, based on literature review and focus groups, the article first aims to systematize the fundamentals to embed AM in production companies within a framework. Then, an empirical investigation is developed through a multiple case study in order to map the elements of the framework against the actions undertaken in the actual practices, to explain and validate the framework itself and to demonstrate its potential as support for companies for implementing gap analysis. This also unveiled empirical evidence on current practices of AM in production companies.
Section ''Methodology'' of the article describes the methodology adopted for the research. Section ''Framework definition'' illustrates the framework built based on literature analysis and focus groups in order to synthesize the fundamentals for embedding AM in production companies. Section ''Cross case study findings analysis'' is dedicated to present and discuss the findings of the cross-case analysis, as emerged from the multiple case study by mapping the real mechanisms through the framework's elements. Finally, section ''Conclusion'' is dedicated to the conclusions and discussion of scientific and industrial contributions.
Methodology
The methodology used in this research was designed based on the works on research methods in AM by ElAkruti and Dwight 10 and Kusumawardhani et al. 11 In particular, the retroductive research strategy was selected in accordance with the research's objective (Figure 1) .
Retroduction represents an attempt to overcome the pitfalls of purely inductive or deductive research processes. 12 Theory is considered as conceptualization and not as ordering framework; this allows consulting and redeveloping theory in a close relationship with empirical information. Basically, retroductive research strategy involves the building of hypothetical models as a way of uncovering the real structures and mechanisms which are assumed to produce empirical phenomena. The model, if it were to exist and act in the postulated way, would, therefore, account for the phenomena in question. 13 Literature analysis and focus groups allowed defining the model. The model provides the basis for the observation and collection of qualitative and quantitative data. 10 Testing the relevance of the postulated model can be done through case study methods. In fact, as stated in the literature, 10, 11 due to the multi-disciplinary nature of AM research, the nonexperimental and quasi-experimental methods (like case study) are the most suitable. Case study allows exploring evidences and testing the relevance of the postulated framework and model according to the retroductive approach's objective. 10 With respect to the research steps, the first conceptualization step was based on literature analysis combined with focus groups developed with industrial exponents. In accordance with the applied research approach, not only a state-of-the-art review in the international scientific literature was conducted but also an investigation on the industrial current practices was done. The search for related publications was mainly conducted as a keyword search, using as main keywords: Engineering Asset OR Physical Asset OR Asset AND Management OR Management System AND Production System OR Production Line OR Equipment OR Industrial System OR Industry OR Manufacturing. Both library services such as Scopus or Google Scholar and a wider surfing in the web were addressed. Moreover, different focus groups were organized in order to collect insights from industry. In particular, one focus group was organized in the context of TeSeM Observatory (www.tesem.net) and around 30 companies representatives, mainly operations managers and maintenance managers, from different sectors (among which the mechanical, the food and beverage, the chemical and the oil and gas sectors) participated in a roundtable session. Focus groups at different company premises were also organized involving a smaller audience to openly discuss about AM and its challenges and meanings. In particular, three smaller focus groups were organized involving AM responsibles of three companies from the chemical, food and beverage and mechanical sectors. Each focus group lasted 3 h in average and opinions were collected about the findings from the literature analysis. The result of this research phase is a framework for AM integration in production companies.
Second, an exploratory phase was implemented. In fact, based on the framework, the case study method was used in order to find the real mechanisms and verify the framework validity by observation. The study targeted eight production companies in Italy, selected among companies with a medium or high maturity level in Maintenance Management practices. In fact, it was assumed that only companies with certain level of maturity in Maintenance Management-one of the precursors of AM 14, 15 -are ready enough to talk about and implement the wider concept of AM. The selection was possible thanks to the survey of the TeSeM observatory made with the purpose to benchmark the maturity in Maintenance Management practices and counting on a sample of more than 300 companies up to 2015 (the maturity assessment of maintenance management practices adopts the method presented in Macchi and Fumagalli 16 ). The selected companies belong to different industrial sectors in order to avoid biases and to cover a broader scope of the production industry. Table 1 shows the panel of companies selected for the case study.
The main source of the primary data for this research phase was a face-to-face semi-structured interview. Semi-structured interview brings the opportunity for the interviewee to share information relatively freely with the interviewer since such interviews possess some degree of flexibility in content. 17 Additionally, semistructured interviews have the ability to light the road for the researcher by permitting practitioners to cooperate in the interview guidance to some extent, while still researcher as the interviewer keeps the control over the process. The nature of the interviews was chosen in order to allow starting the dialogue from the hypothesized framework and model in the previous research step. The face-to-face interview also allowed to observe not only the firm's environment but also to notice any ''weak signal'' on the respondents' side-for example, hesitation, irritation, non-verbal messages or non-given answers-that could provide a further dimension for the overall interpretation of the investigated phenomenon. The interviews were all recorded digitally and each of it lasted around an hour and a half in average. The interviews protocol was composed of 11 open questions. It was designed addressing the elements of the framework through different questions about the main issues that were identified through the literature analysis and focus groups in order to allow triangulation when analyzing the findings. The chosen unit of analysis was the company from the perspective of the maintenance, technical services or industrial engineering function. The data collected from the case studies were then analyzed using a uniform approach, interpreting the transcripts according to the coding technique, in order to denote the relevant concepts emergent during the interviews. 18 Overall, 75 first-order codes were identified and the highest order themes reflected the elements of the framework. The analysis of the interviews and the main findings allowed confirming the elements within the defined framework and validating its application as a guide to integrate AM as well. In fact, the framework worked as a support for the companies involved in the case study to identify the AM level of integration in their organization and the existing gaps. Moreover, the case study implementation contextually allowed to unveil empirical evidence on current practices of AM in production companies.
Framework definition

Literature analysis on existing frameworks
As it is stated in section ''Introduction'' of this article, the scientific body of knowledge about AM and in particular about AM in the production sector is still fragmented, and the collaboration between organizations and academic researchers is still underway to extend it. 7, 8 A complete overview over the development process of the AM concepts and existing frameworks is provided in El-Akruti and Dwight. 19 The authors show that, at general level, several AM frameworks have been defined so far in the literature. Nevertheless, the available frameworks that have been considered for AM are generally not comprehensive and do not consider a holistic approach, primarily focusing on just one stage of the life cycle of an asset (commonly, the middle of life stage, addressing asset maintenance management). [19] [20] [21] Some authors addressed the need to shift the focus from the technical aspects of physical assets to a more business-oriented AM approach. The recently published ISO 55000 standard goes in the same direction and defines guidelines that can be followed to develop an AM system. Nevertheless, the scientific and technical literature about AM is either generic, not addressing any specific application sector (see, for example, the ISO 5500X body itself), or dedicated to specific sectors such as the energy, building and constructed facilities, transportation infrastructures or intangible assets (human factor). In fact, 80% of papers found in the search engine Scopus, by looking at physical Asset Management as keyword, are related to those sectors. Very few papers can be found dealing with AM in production companies. Nevertheless, several recent technical reports can be found about the topic, 5, 22 showing the interest about AM in such industry.
Based on these findings, the aim of this research is to develop a literature analysis specifically focused on works illustrating AM as a consolidated discipline and, in particular, journal papers and books chapters proposing an AM framework addressing the production sector. The aim is to identify the main elements to define a framework to guide companies to embody AM in their realities.
The search for papers fitting the requirements of such analysis led to the identification of seven papers ( Table 2 ). The findings of the cross-analysis of the papers are shown in Table 2 . The main topics that are treated by each paper in describing the AM framework or scope have been identified under six main categories (asset life cycle, control levels, AM-related organizational functions, asset knowledge, risk and system).
The first two elements-asset life cycle and control levels-are the ones that are cited by most of the selected publications together with asset knowledge. Indeed, the first two aspects are considered as relevant Table 2 . Main aspects in the existing AM frameworks.
Life cycle Control levels Related organizational functions Asset knowledge Risk System
El-Akruti and colleagues; 7, 19 El-Akruti et al. to establish asset-related decision-making and they are not easily separated when analyzing AM, being intimately connected when a decision is taken. 19 The asset life cycle includes three relevant stages, Beginning of Life (BOL), Middle of Life (MOL) and End of Life (EOL) stages, wherein asset-related decision-making is required. 26 All selected papers highlight the importance of asset life cycle management in their proposed frameworks except for Tam and Price 25 that focus on the middle of life stage only and Amadi-Echendu et al. 8 who don't stress the life cycle aspect in their research.
Hierarchical levels of the asset-control activities (control levels) comprise the strategic, tactical and operational levels wherein asset-related decisions are allocated, in terms of accountabilities, within the company organization. In their framework, El-Akruti et al. 7 define a set of planning and control activities that exist at the three organizational levels, that is, strategic, tactical or aggregate and operational. Komonen et al. 6 highlight the three AM levels in their framework for holistic management of production assets, and the three control levels can also be found in the works by Amadi-Echendu et al., 1 Tam and Price 25 and Tranfield et al. 4 The other aspect that is cited by more than a half of the selected papers is the asset knowledge. The key issues pointed out by Tranfield et al. 4 are the need to clarify the relationships between the asset a company owns and the achievement of the company's strategic purpose, and which are the overriding purpose and function of the asset base. Moreover, according to the authors, companies need to have clear information about what asset they own, what type, how many and their location. Knowledge of the assets can be gained through asset inspection and examination routines, condition assessment and monitoring. 4 Existing asset knowledge and asset performance evaluation are also two important elements in the work by AmadiEchendu et al. 8 The relevance of asset conditions is also highlighted by Schuman and Brent. 20 According to them, the requirements with regard to system effectiveness in terms of reliability, availability and maintainability are of equal importance to the functional requirements of throughput, quality, capital cost, schedule and so on. In this same direction, El-Akruti et al. 7 state that the value creation process expected by AM can be detected in terms of the asset performance. In their paper, Tam and Price 25 discuss about the relevance of an asset database that provides basic reference to information regarding assets' physical properties for strategic decisions at senior managerial level. According to the authors, the availability of useful data is paramount to making the best decision in AM. Indeed, the role of information technology and systems is crucial to facilitate it. 4, 25 Other aspects that have been identified through the analysis of the paper are AM-related organizational functions, risk and system. Regarding the first one, some papers advocate the importance of identifying and involving several organizational functions in the management of the assets. El-Akruti et al. identify functions involved in the asset life cycle activities and in supporting activities as well. The importance of a multidisciplinary approach is identified by Amadi-Echendu et al., 1, 8 Hastings 2 and Schuman and Brent 20 in order to enable an AM holistic approach, through the coordination among different kinds of actors. With this regard, clarifying accountability on assets is essential to ensure its sustainability in the company. 19, 21 The risk dimension is considered crucial in the framework by Tam and Price 25 in which risk relates to potential hazardous events caused by failures. Risk analyses (both considering the risk related to the asset reliability and performance but also taking into account the business objectives, changes in the business environment, viewpoints of various joint-parties, the balanced governance of potential opportunities and versatile risks) are considered as an important input for the AM decision-making process, together with the technical and economic analyses, in the framework by Komonen et al. 24 Only the work by Komonen et al., 24 among the selected publications, explicitly highlights the importance of the system perspective. In fact, the authors divide the AM framework they propose into three levels: corporate, plant and equipment level. Note that the plant and corporate levels have often been narrowly treated so far. According to the authors, different objectives and analysis should be performed at the different asset levels: ''for example, the corporate executives should determine the role of each production unit. The plant-level management should model the production system, carry out criticality assessment [.] . At the production line, sub-process or equipment level, the important management processes would be, e.g., modeling of processes or technical functioning of equipment and taking care of criticality assessment.'' This aspect is not addressed in the other selected publications for this analysis, and El-Akruti et al. 23 introduce some reference to the importance of referring to systems when implementing AM.
Focus groups findings
Based on the focus groups organized with industrial exponents, the different elements identified through the literature analysis were discussed and their importance based on direct industrial opinions was collected.
First of all, it was evident that a full integration of asset life cycle and control levels is the heart of AM. On one hand, it was agreed that any time a decision is taken about assets, the whole life cycle should be considered analyzing what is inherited from the past in terms of influencing variables and how the future will be affected by the decision in case it is taken. On the other hand, it was apparent that a relevant factor for decision-making is the company organization; in particular, all three hierarchical levels of asset-control activities within the organization need to be involved, ensuring alignment through the implementation of feedback loops between the levels. Overall, the ability of a company to implement AM stands in the capability to integrate the two aspects into a robust and clearly defined AM system in its organization. This confirms what is discussed in the literature.
Moreover, the importance of adopting a long-term perspective in the management practice emerged from the focus groups. This means, on one hand, to work on the integration among different functions that have to take decisions on the asset along the various stages of its life cycle. On the other hand, the need to have and use decision-making tools to support orientation toward a life cycle perspective such as life cycle cost (LCC) or total cost of ownership (TCO) methodologies emerged in the discussions.
Among the other aspects identified, an important issue that was discussed is the need of deep and consolidated knowledge of the asset portfolio that must be managed by the company. Developing better knowledge about the asset base is considered as an urgent matter to build an AM system. Interestingly, the stress of the industrial people involved in the focus groups was on the need to consider that industrial asset in the production sectors (both for process production and manufacturing) are typically very complex systems, composed by several machines and components connected among each other. For this reason, the system aspect was stressed more than what is discussed in the literature. Indeed, as a result of the focus group, the need to adopt a hierarchical approach, considering different aggregation levels when managing assets (e.g. corporate, plant and equipment level), was evident, as fundamental element to take informed decisions.
Finally, the focus groups allowed to identify the risk dimension as a relevant aspect in the AM process. AM should allow managing assets but also the risk associated with the asset and with the decision-making processes on the assets. In particular, the focus is put on the operational risks related to uncertainty, that is, the risk associated with the future asset behavior and its expected performance.
Framework proposal
Provided the findings of the literature analysis and of the focus groups, it was possible to define a framework (Figure 2 ) including the main elements required for AM embodiment in production companies.
In particular, the framework is composed of two dimensions and four founding principles. On one hand, the two dimensions are the asset control levels and the asset life cycle. As it emerged from the literature analysis, these two aspects are relevant to establish asset-related decision-making and they are not easily separated, being intimately connected when a decision is taken. 19 This is the reason why they are inserted in the framework as two dimensions: they represent the elements needed to position an asset-related decision within the AM process. On the other hand, the four principles are life cycle orientation, system orientation, risk orientation and asset-centric orientation. These are called principles since they define and guide the approach, methods and systems to be adopted in order to integrate AM (and related decisions) within a company. As an example, in order to ensure that AM is integrated in a production company, the company has to be able to position any asset-related decision in terms of control level (strategic, tactical or operational), by simultaneously checking the alignment with the other levels, and in terms of asset life cycle stages. Moreover, it has to approach the decision ensuring it is following the four principles. For example, let's consider, as decision, the investment in a new equipment within an existing plant. First of all, it is a strategic decision that must be aligned with the organizational strategy and guide activities and tactical and operational level. Then, it is a decision positioned in the MOL of the plant, as the plant is an existing one. Moreover, proper indicators and decision-making tools should be adopted to ensure life cycle orientation (e.g. considering the impact of the decision on TCO), system orientation (e.g. considering the impact of the local decision on the performance of the whole pant), risk orientation (considering the operational risks connected with the investment decision) and asset-centric orientation (considering, as essential, the knowledge of the plant in which the new equipment will be installed and the kind of data that are required to be analyzed to guide the decision). More in detail, each founding principle is described hereafter. The adoption of life cycle orientation in decisionmaking means that the AM process should incorporate long-term objectives and performances to drive decision-making. Supporting tools can be adopted by the company to aid the achievement of this objective, such as the LCC/TCO. 27, 28 Moreover, given that the three stages of the life cycle of the assets-BOL, MOL and EOL-differ in the scope of decisions, different organizational functions need to collaborate in the AM process, covering all organization's hierarchical levels. 19 System orientation is another essential principle to ensure focusing efforts and resources on the right decisions. In particular, criticality of the assets at system level is fundamental for decision-making: as it is expressed in the ISO 5500X, ''an asset is defined critical if it has potential to significantly impact on the achievement of the organization's objectives.'' As industrial assets are complex systems composed of various components interrelating among themselves, and such interactions, together with the state of each component, affect the state and performance of the system itself, the criticality of the assets at system level and the systemic effect of any local decision have to be considered to have a robust AM business process. Furthermore, the need to realize value from the asset systems motivate the relevance of a holistic consideration of asset systems in their entirety, and not merely of the individual components. 29 Risk orientation should be also applied in decisionmaking. This should generally rely on the definition of risk given in ISO 31000:2009. Among the different types of risks, considering the operational risk in the industrial assets is then essential: the failure of critical assets proved to be the risk that is recognized by companies to have the biggest impact on business (according to the results of the industrial survey on operational risk management 30 ). Being aware of such importance, leading companies use analytical tools to gain better visibility into the risks within their operations. Moreover, they establish a risk culture and empower the workforce with the information to be ''predictive decision-makers.'' 30 Eventually, a risk orientation inevitably leads to the realization of value from assets: risk enables to take into account the likelihood and consequence of not fulfilling stakeholders' expectations, which is relevant to preserve the target values generated by the assets. 20, 31 Asset-centric orientation is another essential principle as the management of assets is dependent on knowledge about the organization's assets, in terms of both current equipment, business role of the assets and future prospects. In other words, asset managers need to have a practical working knowledge of the major assets so to be able to make sound business decisions. 2 Thus, it is advocated that it is necessary for AM implementation to have an asset common database where all the data about each asset and its components are stored together. 32, 33 The asset database would provide basic reference to information regarding assets' properties, usable for strategic, tactical and operational decisions.
Besides, tracking of changes during the life cycle of the asset is facilitated by a common database: it is an essential information for integrating the asset-life cycle dimension; it allows knowledge sharing about the assets along the different life cycle stages.
Concluding remarks
Overall the defined framework brings the four principles, as well as the two dimensions (asset control levels and life cycle stages) together, considering them the elements that have to be considered by a company aiming to integrate AM in its organization. In fact, the two dimensions allow giving a frame in which to position asset-related decisions by keeping a holistic perspective and providing a shared basis to the different functions and actors participating to the AM decision-making process. Those dimensions are also highlighted in the ISO 5500X body of standards as fundamental for an AM system. Moreover, the four principles guide companies to adopt the proper systems, tools, methods to ensure implementing an integrated AM process when taking asset-related decisions.
Cross case study findings analysis
The fundamentals defined in the framework were used as the basis for studying the actual level of integration of AM business process in the management systems of production companies and to subsequently understand the main gaps. The findings coming from multiple case study development are herein synthesized, focusing on each founding principle and the orientation toward it of each analyzed company.
Life cycle orientation
Based on the framework, life cycle orientation means (1) promoting an integrated organizational structure in which all the necessary competencies and organizational functions are involved at each stage of the life cycle of the asset and (2) adoption of long-term performance objectives and indicators in managing assets.
As far as the first issue regards, the findings from the case study analysis allowed assessing if companies present a proper level of integration among functions to manage the assets. In particular, by keeping the point of view of the maintenance function, a general trend toward integration emerged from the analysis. Nevertheless, there are still gaps at the organizational level to achieve a complete integrated system for the management of the assets.
At the early stage of the life cycle of the assets (BOL), dealing with design, construction and commissioning, the desired condition is to get to closer cooperation among the various organizational functions such as design, purchasing and maintenance. A certain trend toward this direction was detected in all the analyzed companies; however, the integration cannot be considered complete. What clearly emerged from the majority of the cases is the desire of the maintenance function to have a more active role in the BOL stage. As for the intermediate stage of the life cycle of the assets (MOL), dealing with use and maintenance, awareness of the role of maintenance as an ''evolved'' fundamental function that must work in an integrated manner with the various functions, and in particular with the production function, emerged. Nevertheless, in some cases, a certain ''suffering'' by the maintenance function is still perceptible that would like to participate more to decision-making and that instead is often confined to managing assets in terms of reliability and availability in a still partially isolated way. Looking at the end of life stage of the assets life cycle (EOL)-dealing with renewal, disposal, recycling, reuse, as well as with potential life cycle extensions by, for example, retrofitting or revamping (which means deciding to move the end of life ahead in time)-it is the stage in which there is the lowest level of integration among the functions. In particular, the maintenance function in most of the analyzed companies mainly takes executive role, without participating in the decision-making process. It leaves wide rooms to achieve better integration.
As for the second issue of implementation of AM guided by long-term objectives and performances, interesting findings have emerged evaluating the tools and indicators used by companies to support decision-making. Concentrating on the investments planning and, in particular, the investments assessment, traditional methods are mainly adopted like ROI (return on investment), NPV (net present value) and IRR (internal rate of return). Although these indicators theoretically imply the adoption of a long-term perspective, in practice, in the majority of cases, their calculation method consists of an accurate assessment of only CAPEX (the costs recognized in the capital of the company, that is, Capital Expenditures) and of only including a rough estimate of OPEX (the operating costs for the year, that is, Operational Expenditures). In particular, it is evident that the approximate estimate of OPEX is likely to underestimate the impact of the investment decision to the future performance of the asset that can generate inefficiencies and, therefore, hidden costs due to the inefficiencies.
Few are the cases where the investments assessment (made with the above methods) are flanked by other methods. Among them, it is worth citing: (1) the use of a TCO model oriented to model the OPEX based on an accurate engineering estimate of the performance of the asset system, (2) the assessment of the satisfaction of the stakeholders and/or (3) a RAM analysis (Reliability, Availability, Maintainability) for a provisional estimate of industrial plant performance losses (as failures are considered as relevant events leading to inefficiencies).
Overall, investments still seem a decision majorly featuring a financial problem, while all the companies recognize the need to increase the contribution of an engineering viewpoint to be integrated with the financial analysis. This would enable to evaluate the convenience of choices enriching the financial indicators with models capable of synthesizing the technical and operating characteristics of the industrial assets, with the ultimate goal to obtain adequate performance estimations, which are at the basis of informed financial analyses and robust decisions in the long term.
System orientation
Regarding the system orientation, the case studies allowed investigating whether the complexity characterizing the industrial assets is taken into account in the decision-making processes or not. In fact, industrial assets are typically systems composed of multiple components with their own RAM characteristics; and those components interact with each other to perform the requested function of the industrial asset.
All analyzed cases showed an awareness of the importance of adopting a system performance analysis, with the ultimate goal to take into account the effect that every local decision-hence, also the RAM characteristics of individual assets-inevitably has got at global level. This means, for example, making decisions for improvement of productivity in an industrial plant on the basis of a careful analysis of the criticality of the individual equipment with respect to the function they have for the production flow at system level.
Although awareness was shown by companies, today analyses keeping the systemic perspective are not implemented in a systematic way. This may be justified by various contingent reasons. In some cases, that is the case of a production line with no (or of limited capacity of) inter-operational buffers among the equipment, the asset (as a system) requires the operation of all the equipment (components) for its operation. In this specific case, each equipment assumes the same criticality at local and systemic levels, namely the OEE (overall equipment effectiveness), measure centered at equipment level, would be sufficient to have an accurate approximation of the effect of local problems on systemic performances. In other cases, there is not yet a full integration of engineering techniques or tools, within the reliability and maintenance engineering systems, so to enable that the global effect of local decisions is fully analyzed; in fact, some companies are still relying on traditional key performance indicators (KPIs) like OEE keeping the local perspective: it is clearly not enough, when the complex interdependencies of individual assets affect the achievement of the performance of the system of assets (e.g. production capacity of the system). Finally, in one case, the systemic analysis is restricted to a limited number of decisions in the life cycle of the asset, and the use of some specialized engineering techniques but with no systematic approach throughout the life.
Overall, system orientation generally requires an enriched application of techniques through the extensive use of advanced engineering tools capable of system-level performances analysis, with particular concern to system effectiveness in terms of reliability, availability and maintainability as well as other functional requirements of throughput, quality and so on.
Risk orientation
As far as risk orientation regards, when making decisions related to assets, every company applies all the needed measures required in the legislative framework of the specific sector to reach the level of compliance for the management of critical risks related to safety and environmental impact. A differentiation then emerges in regard to how those operational risks-such as the risks linked to the effect of future behavior of assets on the expected technical performance-are managed. In this regard, the sectorial contingency has an impact on the practices adopted by the companies. In some sectors, the most capital-intensive ones, ensuring asset integrity is a priority due to its high impact on business. It is the case of the most advanced companies in terms of the systematic integration of typical approaches of RAM analysis and methods for operational risk management in AM. In general, the attention to the risks over performance and operation of the assets has been growing as a critical element in all analyzed cases. Concerning the uncertainty related to a risk, the aspect that stimulates a greater reflection is if the expected technical performance of the asset and any inefficiency expected from its operation are quantified in terms of cost to support decision-making by companies. As emerging evidence, what in general is still missing is an alignment between the system's technical performance measures and the financial indicators, which are the ones that are taken into account in the company to make decisions. Nonetheless, companies believe that an engineering analysis should support the final choices, aiming at a reduction of operational risks related to the losses in production efficiency, which eventually ensures a more informed decision-making.
Overall, the risk of not fulfilling stakeholders' expectations in terms of production efficiency and, then, related costs of the losses is still not fully analyzed, even if its relevance for the target values generated by the assets is apparent in all the cases.
Asset-centric orientation
The adoption of an asset-centric management approach appeared to be influenced by the sectors of the companies. In the most capital-intensive sectors, the role of the assets and their performance is definitely recognized as central to ensure the production and the achievement of business objectives. It follows the high emphasis on ensuring clear ownership of the assets and collecting data referring to each asset.
In all cases, the relevance of the definition of a clear ownership of assets to ensure control and commitment to AM is recognized by the companies. The various analyzed companies, while proving to have all shared this need, have made different organizational decisions.
In some cases, a centralized ownership at the level of maintenance/technical direction/industrial engineering functions has been chosen; in a few cases, the ownership was instead given to an executive belonging to the top management board.
In terms of information systems, in order to support an asset-centric management approach, information systems are seen with a central role, and in particular the maintenance information systems appear to play a relevant role for the MOL. Even so, the maintenance information systems are still partially integrated with other enterprise information systems and the need to move toward the definition of a better system, in which different kinds of data (technical and economical) related to the assets are collected and analyzed in an integrated manner, is recognized. This is considered an enabling element for the effective implementation of AM.
Overall, the issues addressed by asset-centric orientation are twofold. On one hand, from an organizational point of view, companies addressed the need to set clear responsibilities and commitment for AM implementation. On the other hand, the need for an integrated information system to support AM along the life cycle of the asset emerged.
Concluding remarks and discussion on existing gaps
The analysis of the interviews and the main findings allowed confirming the elements within the defined framework and validating its application as a guide to integrate AM. In fact, the framework worked as a support for the companies involved in the case study to identify the AM level of integration in their organization and the existing gaps.
Based on the findings described in the sections above, it was possible to make an overall diagnosis. Figure 3 visualizes the level of integration of each principle within each company. Information are qualitative and are presented to have an overview on the AM integration level in each of the companies analyzed. Moreover, the last column in Figure 3 provides an overall value for the level of integration of each principle.
The main findings are illustrated in the reminder and are shown in Figure 3 in a qualitative way:
Life cycle orientation is the principle that is most integrated by companies even if there are still some cases where it needs to be improved. The least integrated aspect is the system orientation, in fact just one company uses a model in order to consider the global effect of local decisions when approaching decision-making, and yet not systematically. The company that resulted with the highest level of AM integration given the orientation toward the four principles is company F. Company F presented some weaknesses regarding risk orientation since future uncertainty is considered through average values based on estimations or historical values and not through a what if approach (scenario analysis) nor through a probabilistic approach.
To conclude, it is worth remarking that the case studies were developed by considering companies belonging to different industrial sectors to have a general overview and validating the framework as a guide for AM integration in production companies. The framework proved to be useful to assess the level of AM integration in a company; hence, it can be used as a guide to identify activities to integrate AM in any production company. Even if the companies selected for the case study development are companies with high level of maturity in terms of Maintenance Management, when widening up the perspective over AM, gaps to be filled in have been identified. None of the companies resulted to fully incorporate the four founding principles for AM implementation. Life cycle orientation is the principle that more companies are looking at in order to tend toward it (by means of reorganization, testing of new tools, etc.), while system orientation is still quite weak in all companies. Moreover, it is worth noticing that the gaps that have been identified regarding the level of integration of the AM in the companies not only are due to contingent reasons (industry, types of assets to manage etc.) but also due to the low development level of the necessary technologies/methodologies. For example, the availability of a standard model for TCO, as a methodology to support the decision-making process, or the availability of performance indicators at system level were pointed out in the majority of interviewed companies.
Conclusion
In this research, the AM integration process is addressed within the context of production companies. From a scientific perspective, the contribution of this article is the proposal of a framework for AM integration specifically thought and developed for production companies. The framework is derived from an analysis of existing frameworks in the literature, by integrating the main elements that were identified during the time by different authors and confirmed by industrial experts through the development of focus groups. The case study developed involving eight production companies allowed exploring evidences in industry and testing the relevance of the proposed framework.
From a practical point of view, the research findings are interesting for managers and engineers within this context (i.e. technical managers, operations managers and/or top managers), proposing a framework illustrating the principles to be considered in order to embed AM in their companies (Figure 2 ). Production sectors differ among each other and each single company is characterized by its own peculiarities. This is the reason why the framework is intended to provide the main principles to guide the AM integration in a company without indicating specific tasks to be implemented or tools to be used, making it useful for different companies.
Based on the lessons learnt from the case studies, we believe that companies have to get more and more aware of the importance of addressing AM by reflecting the four founding principles and by accordingly structuring an AM system. Moreover, we would assert that the founding principles are actually a required background upon which the decision-making process can be developed, building both on the life cycle perspective and through alignment among the strategic, tactical and operational control levels within the organization. By adopting these measures, which are actually summarized in the AM framework presented in this article, sustainable value creation from assets can be ensured.
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